The complete genomic sequence of hepatitis A virus (HAV) CF53/Berne strain was determined. Pairwise comparison with other complete HAV genomic sequences demonstrated that the CF53/Berne isolate is most closely related to the single genotype VII strain, SLF88. This close relationship was confirmed by phylogenetic analyses of different genomic regions, and was most pronounced within the capsid region. These data indicated that CF53/Berne and SLF88 isolates are related more closely to each other than are subtypes IA and IB. A histogram of the genetic differences between HAV strains revealed four separate peaks. The distance values for CF53/Berne and SLF88 isolates fell within the peak that contained strains of the same subtype, showing that they should be subtypes within a single genotype. The complete genomic data indicated that genotypes II and VII should be considered a single genotype, based upon the complete VP1 sequence, and it is proposed that the CF53/Berne isolate be classified as genotype IIA and strain SLF88 as genotype IIB. The CF53/Berne isolate is cell-adapted, and therefore its sequence was compared to that of two other strains adapted to cell culture, HM-175/7 grown in MK-5 and GBM grown in FRhK-4 cells. Mutations found at nucleotides 3889, 4087 and 4222 that were associated with HAV attenuation and cell adaptation in HM175/7 and GMB strains were not present in the CF53/Berne strain. Deletions found in the 59UTR and P3A regions of the CF53/Berne isolate that are common to cell-adapted HAV isolates were identified, however.
INTRODUCTION
Hepatitis A virus (HAV), classified as Hepatovirus (Minor, 1991) within the family Picornaviridae (Melnick 1982; Gust et al., 1983) , is composed of an icosahedral capsid that contains a positive-sense, single-stranded RNA genome of approximately 7?5 kbp in length. This virus is a single serotype that precludes serological approaches to differentiate virus isolates (Lemon et al., 1992) . Genetic variants of HAV have been documented by RT-PCR sequencing of the C terminus of the VP3 protein (Jansen et al., 1990) , the N terminus of the VP1 protein (Robertson et al., 1991; Apaire-Marchais et al., 1995; De Serres et al., 1999; Robertson et al., 2000; Arauz-Ruiz et al., 2001; Bruisten et al., 2001; Costa-Mattioli et al., 2001a, b) and the junctional region of the VP1/P2A proteins (Jansen et al., 1990; Robertson et al., 1992 Robertson et al., , 2000 Normann et al., 1995; Taylor, 1997; Bosch et al., 2001; Bruisten et al., 2001; Byun et al., 2001; Costa-Mattioli et al., 2001a; Diaz et al., 2001; Pina et al., 2001; de Paula et al., 2002) . Sequence variation within the VP1/P2A junction has defined seven genotypes that differ by at least 15 % and subtypes that differ by 7?0-7?5 % . Four genotypes (I, II, III and VII) are associated with human HAV infections and three were derived from simian HAV strains (IV, V and VI).
Genotype IA appears to be the agent responsible for the majority of hepatitis A cases worldwide Costa-Mattioli et al., 2002) and has been isolated from all parts of the world. Genotype IB appears to occur in the Mediterranean region, whereas genotype III viruses have been isolated from diverse sources such as Panamanian owl monkeys, drug abusers in Sweden and patients from India and Nepal. Single representatives of genotype II and VII were isolated from individual patients from Sierra Leone and France Ching et al., 2002) .
Complete genomic information is now available for all human HAV genotypes with the exception of genotype II. In this study, we have determined the complete genomic sequence from the single representative of genotype II, the CF53/Berne isolate.
METHODS
Specimen. The CF53/Berne isolate is a cell-culture isolate of HAV that was passaged six times in PLC/PRF/5 cells (passages 1-6) prior to donation to the Berne laboratory where the virus was passaged twice in PLC/PRF/5 cells (passages 7-8) followed by four passages in FRhK-4 cells (passages 9-12). The original virus was derived in 1979 from the stool of a patient in Clermont-Ferrand, France, who had sporadic hepatitis A 3 days after the onset of jaundice (Crance et al., 1985) . The VP3 region and VP1/P2A junctional region of virus from passage 10 was sequenced and classified as genotype II (Jansen et al., 1990; Robertson et al., 1992) . For reference, this cultured strain is called HAV CF53/Berne isolate. Cell-culture passages 7, 8, 10 and 12 were available for this study.
Primers. HAV primers that were available in our laboratory for the amplification of various HAV strains (Hutin et al., 1999; Robertson et al., 2000; Ching et al., 2002) were used to amplify the complete CF53/Berne isolate genomic sequence. Sequence from the amplifiable fragments provided more information for designing additional primers specific to CF53/Berne isolate. Table 1 identifies the primers that were used for amplification of the complete genomic sequence of the CF53/Berne strain.
RT-PCR. Total RNA was extracted using Tripure (Boehringer Mannheim) from 100 ml cell-culture material that contained the CF53/Berne virus. Extracted RNA was resuspended in 8?5 ml diethylpyrocarbonate (DEPC)-treated water and cDNA was synthesized in a 20 ml reaction volume that contained 4 ml 56 avian myeloblastosis virus reverse transcriptase (AMV RT) buffer (Promega), 1 mM dNTPs (Boehringer Mannheim), 2?0 ml DMSO (Invitrogen), 8?5 ml RNA, 25 U AMV RT (Boehringer Mannheim), 20 U RNasin (Boehringer Mannheim) and 1 mg random primers (Promega). Following denaturation at 95 uC for 3 min, the reaction mixture was placed at 4 uC for 3 min and then AMV RT and RNasin were added for reverse transcription at 43 uC for 60 min. First-round PCR was carried out in a 100 ml reaction volume that contained 1 ml cDNA, 10 pmol of each of the appropriate outer primers, 20 ml 56 PCR buffer (Invitrogen), 2 mM dNTPs (Boehringer Mannheim), 2 ml DMSO and 2?5 U Taq polymerase (Boehringer Mannheim). Second-round reactions were carried out in a 100 ml volume that contained 3-10 ml first-round PCR product, 20 pmol of each of the appropriate inner primers, 10 ml 106 PCR buffer (Boehringer Mannheim), 2 mM dNTPs (Boehringer Mannheim) and 5 U Taq polymerase (Boehringer Mannheim). Both rounds of PCR were performed with 1 cycle at 95 uC for 2 min followed by 35 cycles of 94 uC for 40 s, 45 uC (for the first round) or 55-63 uC (varied to different primer pair T m for the second round) for 40 s and 72 uC for 1-4 min depending upon the amplicon length. The final PCR products were resolved on 1 % agarose gels with ethidium bromide.
Sequence strategy, determination and analysis. Amplicons with the expected molecular sizes were purified using the QIAquick PCR Purification kit (Qiagen) and the purified PCR products were then sequenced in both directions using dRhodamine terminator reagents and the appropriate primer in the ABI Prism 3100 Genetic Analyzer (PE Applied Biosystems).
Algorithms within the Genetics Computer Group (GCG) package (Wisconsin Sequence Analysis Package; Genetic Computer Group, Madison, WI, version 10.1) were used for alignment of nucleotide and amino acid sequences. Initial multiple alignments of nucleotide and amino acid sequences were performed with the PILEUP program; further adjustment to the alignment was performed manually using visual correction based on sequence comparison generated with the PRETTY program in GCG. Calculation of nucleotide and amino acid sequence identities, calculation of genetic distances between sequences and construction of phylogenetic trees were performed using the computer software MEGA2 (Kumar et al., 1994) .
Genetic distances for the full-length genomic nucleotide sequences, all nucleotide positions of the P1, P2 and P3 regions and amino acid sequences were calculated using the Jukes-Cantor method. Genetic distances for synonymous and non-synonymous nucleotide substitutions of coding regions were calculated using the Jukes-Cantor parameter within the modified Nei-Gojobori method included in MEGA2. All other phylogenetic trees were constructed by the neighbour-joining method, except for those in Fig. 4 (constructed by the UPMGA method). Reliability of the trees was confirmed by bootstrap resampling of 500 replications with 60 000 random seeds. Pairwise genetic distances that were used for plotting histograms to display the relationship of HAV strains, subtypes and genotypes were calculated using the Jukes-Cantor method of the PAUP software (version 4.0, Sinauer Associates, Sunderland, MA). The PLOTSIMILARITY program from the GCG package was used for pairwise comparison of sequences with a sliding window of 100 nt in order to exclude the possibility of recombination between genotypes and subtypes,
RESULTS

Genetic characterization and comparison
A total of 15 overlapping fragments, spanning the entire HAV genome (Fig. 1) , were amplified from the cell-culturepassed CF53/Berne strain. A 7426-nt sequence from the passage 12 CF53/Berne isolate genome, encompassing nt 32-7465 (based upon the numbering of HM-175, M14707; Cohen et al., 1987) , was determined. The 59 untranslated region (UTR) consisted of 685 nt, followed by a single, long, open reading frame and 63 nt of 39UTR. The nucleotide composition was 28?79 % A, 15?98 % C, 22?45 % G, 32?78 % T, and the overall G+C content was 38?43 %. The CF53/Berne isolate sequence was compared to the complete available sequences of four representative HAV genotypes [genotype IA (GBM; Graff et al., 1994a) , genotype IB (HM-175; Cohen et al., 1987) , genotype III (NOR-21, unpublished GenBank accession no. AJ299464), genotype V (AGM27; Tsarev et al., 1991) and genotype VII (SLF88; Ching et al., 2002) ] and shown to be related closest to the SLF88 strain. This close relationship was maintained when (Table 2) .
For some HAV isolates, only the capsid sequences are available. These include HAS15 (Sverdlov et al., 1987) and CR326 (Linemeyer et al., 1985) from genotype IA, CY145 from genotype IV (Nainan et al., 1991) , PA21 (Brown et al., 1989) and GA76 from genotype III and 9F94 (AJ437317 and AJ519487), a recombinant from genotypes I and II (Costa-Mattioli et al., 2002 . Fig. 2 illustrates phylogenetic analyses of the available capsid (P1) region sequences; Fig. 2(a) was based on all nucleotide positions, Fig. 2(b) on the synonymous positions and Fig. 2(c) on the non-synonymous positions. Synonymous and non-synonymous positions were evaluated independently to determine the differential, evolution-reflecting mutations resulting from the absence or presence of selective pressure. In all three trees, the CF53/Berne isolate branch clusters with the SLF88 branch, with bootstrap values of 100, 100 and 69 % respectively. In addition, the two isolates (SLF88 and CF53) compose a group adjacent to the genotype I clade. The distance between the CF53/Berne and SLF88 isolates is less than that between subtypes IA and IB, particularly in the tree based on all nucleotide positions (Fig. 2a) . Analyses of available sequences for the P2 and P3 regions representing five HAV genotypes (genotypes IV and VI are not available) also resulted in phylogenies bearing topologies and bootstrap values similar to those in Fig. 2 (data not shown). Strains CF53/Berne and SLF88 therefore appear to represent one genotype based on these results and, within this genotype, they each represent subtypes, analogous to subgenotypes IA and IB.
Pairwise genetic distances were calculated using the sequences included in Fig. 2(a) and from 17 additional HAV genotype I capsid regions and the values were plotted as a histogram (Fig. 3) . Four peaks are clearly defined, The VP1/P2A junctional region (168 bp long) has been used historically to distinguish one HAV strain from another, and previous analysis resulted in strains CF53/Berne and SLF88 being assigned as representing two different HAV genotypes . In this paper, we have re-evaluated this approach, including additional sequences representing genotype III. The results (Fig. 4) indicate that the CF53/Berne and SLF88 strains should be reclassified as two subtypes of the same genotype, as the distances between these two strains are similar to the genetic distances between genotypes IA and IB and less than that between genotypes IIIA and IIIB.
Phenotypic characteristics: amino acid changes and cell-culture adaptation
The translated amino acid sequences of the P1, P2 and P3 regions in the CF53/Berne isolate were compared to those SA/10/2000/DE (AY028976; unpublished); HAS15 (Sverdlov et al., 1987) ; M2 (Diaz et al., 1999) ; A39 (AB046901; unpublished); MBB (Paul et al., 1987) ; 412991 and 504184 (Taylor, 1997) ; HM-175 (Cohen et al., 1987) ; SLF88 (Ching et al., 2002) ; CY145 (Nainan et al., 1991) ; A'dam063 (AY101269; unpublished); AGM27 (Tsarev et al., 1991) ; and GA76 Khanna et al., 1992) .
of the SLF88 strain. These results, illustrated in Fig. 5 , reveal that the CF53/Berne isolate contains six amino acid differences in the P1 region, 15 amino acid differences in the P2 region and 18 amino acid substitutions and two amino acid deletions in the P3 region when compared to the SLF88 strain. Dissimilar amino acid changes in the P1, P2 and P3 regions number four, three and four, respectively. The 2C and 3D regions contain more substitutions than other regions, and the two amino acid deletions may be a result of cell adaptation (see below).
As CF53/Berne isolate is a cell-adapted strain of HAV, we evaluated this sequence for the cell-adaptive nucleotide and amino acid changes that were found in the HM-175/7 strain when grown in MK-5 cells; the HM-175/7 nucleotide changes are listed in Table 3 (column 3) . These positions were compared in the cell-adapted CF53/Berne isolate sequence and the HM175/7 strain sequence. A single base deletion and an 18-nt deletion within the 59UTR was identified, whereas nucleotide substitutions were found within 10 codons in the coding Table 3 . Comparison of the nucleotide changes in line with HM-175/7 MK-5
Nucleotide positions, used to mark single or bold bases, are based on the numbering of the genome of HM-175/7 MK-5 (Cohen et al., 1987) . To show its relation to the amino acid sequence, nucleotide triplets are displayed. del, Deletion; 2, substitution not found. region that resulted in five amino acid replacements, one in the VP3, one in the 2C and three in the 3D region. As the 59UTR deletions and the amino acid replacements (indicated by asterisks in Table 3 ) were conserved between the CF53/Berne isolate and SLF88 (a wild-type genotype II HAV) strain, they are not a result of cell adaptation by the CF53/Berne isolate. The three changes at nt 3889, 4087 and 4222, which are the non-synonymous mutations associated with wild-type to cell-culture adaptation in HM-175 (Emerson et al., 1992 (Emerson et al., , 1993 , are not present in the CF53/ Berne isolate. The other complete sequence from a celladapted strain, HAV GBM/FRhK4, has identified cellculture adaptive mutations in two regions: nt 3889 in the 2B region resulting in an alanine to valine substitution and an in-frame deletion of nine nucleotides (nt 5013-5021) in the 3A region, resulting in the deletion of three amino acids (Graff et al., 1994b) . The cell-adapted CF53/Berne isolate has the wild-type alanine, based upon the codon surrounding nt 3889; however, it does have an in-frame deletion of six nucleotides at position 5017-5021. This results in the deletion of two amino acids that correspond to sites deleted in the GBM strain cell-culture mutant.
In order to trace the occurrence of nucleotide mutations that are potentially related to cell-culture adaptation, single fragments corresponding to PCR amplicon 9 in Fig. 1 were also amplified from samples from cell-culture passages 7, 8 and 10. The sequences were found to be identical to each other and to the corresponding region in the complete genomic sequence that we had determined from the sample from cell-culture passage 12 (data not shown).
DISCUSSION
The original study that defined HAV genotypes was based on the comparison of 168 bases in the VP1/P2A junctional region from 152 strains and identified seven unique genotypes. In this study and one of our recent reports (Ching et al., 2002) complete genomic sequences were characterized from two single HAV strains (CF53/Berne and SLF88 isolates) that represented genotypes II and VII, respectively. Analysis of the complete VP1 region sequence from strain 9F94, which was related to the CF53/Berne and SLF88 isolates, suggested that these strains are subtypes of the same genotype (Costa-Mattioli et al., 2002) . Our analysis of the complete genomic sequence has confirmed this interpretation, and we propose that they be recognized as different subtypes of genotype II. We propose that the CF53/Berne isolate be identified as subtype IIA and the SLF88 isolate as subtype IIB. This classification is consistent with phylogenetic analyses of the sequences of the three individual protein-coding regions, P1, P2 and P3, and analysis using only synonymous or non-synonymous nucleotide substitutions. Re-analysis of longer sequences in the VP1/P2A junctional region was consistent with this conclusion (data not shown).
In the current study, the conversion of genetic distances into a histogram was used as an alternative form in order to illustrate graphically the phylogenetic relatedness of HAV isolates. We found that, in addition to peaks representing strain, subtype and genotype variation, there was an additional peak located between the subtype and genotype levels. This peak represented the genetic differences derived from CF53/Berne and SLF88 isolates versus any other isolate of genotype I. This indicates a closer evolutionary relationship between genotypes I and II than between any other genotypes. Subgenotypes IA and IB account for the majority of characterized HAV cases worldwide Costa-Mattioli et al., 2002) . In contrast, subgenotypes IIA and IIB are each represented by a single strain from individual patients and were isolated many years ago Ching et al., 2002) . The limited detection of these two subgenotypes (IIA and IIB) suggests that their occurrence in the human population may reflect a unique source of infection or route of transmission or their ability to maintain infections in humans.
Recombination between different virus genotypes, which was recently described for HAV (Costa-Mattioli et al., 2002 , is a plausible explanation for the appearance of a strain or group of viruses between established genotypes. PLOTSIMILARITY analysis of sequences of the CF53/ Berne and SLF88 isolates against other genotypes (figures not shown) revealed no evidence of such recombination, confirming that they both belong to a unique HAV genotype. In contrast, inclusion of strain 9F94 (isolated in France from a sporadic case) in phylogenetic analysis (Fig. 2) repeatedly resulted in its positioning as a new subtype of genotype I. PLOTSIMILARITY analysis (not shown) also revealed that strain 9F94 is an HAV recombinant, with its upstream sequence (about 1400 nt corresponding to VP2 and VP3 regions) derived from the genotype IB (95 % identical to HM-175) and downstream sequence (about 900 nt corresponding to VP1 region) derived from IIA (95 % identical to CF53/Berne isolate).
The virus isolate of CF53/Berne that we sequenced was derived from 12 cell-culture passages. We compared its sequence with that of other cell-culture-adapted HAV strains to evaluate the presence of mutations associated with cell-culture adaptation and attenuation. The CF53/ Berne strain does not contain the mutation at nt 3889 (wild-type valine to cell-culture-adapted alanine) found in the HM-175/7 MK-5 and GBM/FRhK4 isolates that is associated with their cell-culture adaptation. An in-frame deletion in the vicinity of nine deleted nucleotides (3A region, nt 5013-5021) in GBM/FRhK4 isolates was the only other mutation found that is common to cell-adapted strains. These results indicate that cell adaptation by different HAV subtypes involves mutation in different regions and that the P2 region mutation at nt 3889 is not necessary for cell adaptation in genotype II.
In conclusion, we propose that the nomenclature for HAV genotypes be revised to reflect that the SLF88 and CF53/Berne isolates are subtypes of the same genotype, based upon complete genomic sequences. If future strains are proposed as new genotypes, we also suggest that their complete genomic sequence is used for the basis for this decision.
